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Abstract 

The authors propose a novel method to improve the performance of packet radio networks, namely, using adaptive array 
antennas on the packet radi o units in stead of omnidirectional ant ennas. An adaptive array can acquire a packet arriv ing 
from one direction and thenijSi|^gj^^ from other directions tojS^S|^Qppg^ By 
protecting the acquired packet^ffiBlpive array allows one pacKenoD^ecSved^venwhe^^ 
present. To investigate th^ffec^^r^daptiv^r^ network performance, the authors consider a simple 

^^SSj^-feyrirj^iSffiS ^^^ These preliminary results show that an adaptive array 
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IMPROVING THE PERFORMANCE OF PACKET RADIO NETWORKS 
WITH ADAPTIVE ARRAY ANTENNAS 



R.L. Hamilton, Jr. and H.C. Yu 

Department of Electrical Engineering 
The Ohio State University 
205 Dreeese Laboratory 
Columbus, OH 43210 

Abstract performance without the need for additional band* 

width or the introduction of complex control schemes. 
The design of a random-access adaptive array system 
was first described by Compton and Garber et. al. in 
[3], where a satellite channel was considered. 

To investigate the the effect of an adaptive array 
on PRN performance, we consider a simple two-hop 
PRN with an adaptive array at the station. We ana- 
lyze this network by extending the PFS-control tech- 
nique developed in [4,5]. Because the network has a 
PFS, when operating under PFS-control, we are able 
to find the equilibrium probabilities in closed form, 
and derive simple, exact expressions for the expected 
throughput and the expected delay. 



We propose a novel method to improve the perfor- 
mance of packet radio networks: use adaptive array 
antennas on the packet radio imits, instead of om- 
nidirectional antennas. An adaptive array can ac- 
quire a packet arriving from one direction and then 
null packets from other directions, to prevent them 
from interfering with the acquired packet. By protect- 
ing the acquired packet, an adaptive array allows one 
packet to be received, even when interfering packets 
are present. To investigate the effect of an adaptive 
array on packet-radio-network performance, we con- 
sider a simple two-hop packet radio network with an 
adaptive array at the station. These preliminary re- 
s\ilts show that an adaptive array can greatly increase 
the throughput compared to a conventional omnidi- 
rectional antenna. 



I. Introduction 

We propose a novel method to improve the perfor- 
mance of multihop Packet Radio Networks (PRN^s) 
{!]: use adaptive array antennas [2] on the packet ra- 
dio units, instead of onmidirectional antennas. An 
adaptive array takes advantage of a previously unused 
parameter in a packet radio system: packet arrival an- 
gle. An adaptive array can acquire a packet arriving 
from one direction and then null packets from other 
directions, preventing them from interfering with the 
acquired packet. By protecting an acquired packet in 
this way, an adaptive array allows one packet to be 
received, even when interfering packets are present. 
Analysis of a simple PRN shows that this capabil- 
ity can greatly increase the throughput- delay perfor- 
mance compared to a conventional omnidirectional 
antenna. These results also indicate that even a rela- 
tively simple adaptive array, with only a few array el- 
ements, can dramatically improve performance. The 
adaptive array is em attractive alternative to other 
performance enhancement methods, since it improves 

This work was supported by the Joint Services Electonics Pro- 
gram, Contract No. N00014-8&-K-0004 and The Ohio State 
University Research Foundation. 



n. Operation of the Adaptive Array 
Antenna 

For proper operation of the adaptive array, it must 
first distinguish bejt;ween desired and interfering pack- 
ets, and then acquire the desired packet while nulling 
the interfering packets. 

A new technique was developed in [3] to allow the 
application of adaptive arrays to satellite networks 
using the slotted-ALOHA [1] protocol. In this tech- 
nique, packets begin with a two-part preamble. The 
first part of the preamble is chosen so that its au- 
tocorrelation function has a narrow peak and a high 
peak-to-sidelobe ratio. This narrow peak is used as a 
timing spike to trigger the packet acquisition process. 

The second part of the preamble is used by the 
feedback loop of the adaptive array to null the in- 
terfering packets. The time constant of the feedback 
loop is designed to form a beam pattern by the end 
of the second part of the preamble. The beam has 
a maximum pointing in the direction of the desired 
packet and nulls pointing in the direction of interfer- 
ing packets. The body of the desired packet can then 
be successfully received by the station. The adaptive 
array resets its pattern at the end of each slot, so that 
it is ready to acquire and null new packets in the next 
time slot. 

When more than one packet is transmitted to the 
station in the same time slot, the packet which ar- 
rives first will be acquired by the adaptive array and 
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the others will be nulled. This acquisition probability 
will be denoted by pacq - To guarantee fairness, temw- 
nals randomize their packet tremsmission times over a 
small time interval at the beginning of each time slot. 

The nulling capability of an adaptive array, de- 
noted by a, is determined by the number of array 
elements it has. In general, an L-^lement adaptive 
array can null L — 2 interfering packets. When the 
nulling capability is exceeded, the desired packet is 
lost. Another Umitation of the adaptive array is its 
angular resolution. When the direction of interfering 
packet (s) is too close to that of the desired packet, 
the adaptive array may not be able to distinguish one 
packet from the other and all the packets may be lost. 
The angular resolution improves as the number of ar- 
ray elements increases. In this paper, we assume that 
the adaptive array has perfect angular resolution, i.e., 
it will always acquire the first packet no matter how 
close the interfering packet transmitters are to the de- 
sired packet transmitter. It is not difRcult to modify 
our analysis to include the effects of limited angular 
resolution on network performance. 

III. Two-Hop Slotted-ALOHA Packet 
Radio Network 

A. Model 

We consider a PRN consisting of two groups of 
terminals, A and which are out of transmission 
range of each other, but in rEinge of a common sta- 
tion. The station is equipped with an adaptive Jirray. 
The station and all the terminals use the same slotted- 
ALOHA channel which has time slots one imit long. 
The channel is assumed to be error free; if a terminal 
hears only one packet in a time slot, that packet is 
received correctly. If two or more packets are trans- 
mitted in the same time slot, neither is received cor- 
rectly by a terminail and both must be retransmitted. 
We assume that the station and terminals know im- 
mediately whether their sin^e-hop transmissions are 
successful or not. 

Two local terminab, one from each group, com- 
municate through the station: terminal A^ in group 
A and terminal Bl in group B. Terminal Ai has 
message packets for terminal Bi which must be re- 
layed by the station, since Ai, and Bi are out of range 
of each other. Terminal B^ returns one acknowledg- 
ment, which must also be relayed by the station, for 
each message packet received from A[,, The acknowl- 
edgment packets are the same length as message pack- 
ets and are transmitted on the same channel. The 
remaining terminals in each group, called background 
termincds, only have packets for terminals that are in 
their group; they do not forwzird packets through the 
station. The background terminals are heard by ei- 
ther terminal Ac or terminal B^^ respectively, and by 
the station, thus interfering with the flow of packets 



between terminal Ai, and terminal B^, 

We assimie that terminal A[, operates under a 
sliding- window flow control scheme [1]. This means 
that terminal Al is not allowed to have more than 
N unacknowledged packets outstanding. When there 
are N unacknowledged packets, it stops transmitting 
until an acknowledgment is received. Thus, N is ter- 
minal Ais window size. We also make the worst-case 
assumption that terminal Al always has packets to 
transmit and only stops transmitting when it has N 
unacknowledged packets. 

B. Discrete-Time Markov Chain 

The queueing model is shown in Figure 1. The 
transmission probabilities for each of the queues are 
shown, along with the path of the message and eic- 
knowledgment packets. We define the queue lengths 
as: riAj,^ the number of message packets at termi- 
nal Al; hb^, the nimiber of acknowledgment packets 
at terminal Bl; tias, the number of acknowledgment 
packets at the station for transmission to termineil Al\ 
and nBs% the ntimber of message packets at the station 
for transmission to terminal Bl, 

The channel state at time slot t is completely de- 
fined by CSi = {nAt^.TiAsi^Bs)- We do not need to 
include ng^ in the channel state because n^^ + riAs + 

The probability that terminal Al[Bl] transmits 
in the next time slot when CSt = is defined 

as pf^^j [ pff;j ]. Each group- -4 [ group-B ] background 
terminal transmits in a time slot with constant prob- 
ability p"* [ ]. There are Ka group-A backgroimd 
terminals and Kb group-S background terminals. 

The station decides whether to transmit a message 
packet or an acknowledgment packet using the routing 
probability rj^kj* Message packets are chosen from the 
Bs queue (see Figure 1) with probability (l—rj^kj) and 
acknowledgments are chosen from the As queue with 
probabihty r,,*,/. The station transmits the chosen 
packet in the next time slot with probability p^f.j. 
If the station only has packets in one of its queues, 
it chooses a packet for transmission from that queue 
with probability equal to 1. It follows from the above 
definitions that CSt is a Markov Chain with a finite 
number of states, (^3 ^) . 

C. State Transition Diagram and Consistency Graph 
To generate the state transition diagram, transi- 
tion probabilities, consistency graph, and global bal- 
ance equations for the iV~packet network, we begin 
with the 1-packet network (A^ = 1). For this reason, 
we present the expressions for the 1-packet network 
in terras of arbitrary 7, fc, / and AT, with the under- 
standing that for the 1-packet network j = ^ = / = 0 
and = 1. 

The state transition probabilities for arbitrary ^, 
and / are given below. We use the notation Qi 
Q2 to indicate a successful transmission from the Qi 
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queue to the Q2 queue. We use the notation p for 

(i-p). 

Ai,-*Bs : P(i,A:,i + l|i + l.fc.O = 

As-*Ai, : P(i + l,fc,IU, *+!,/) = 

r,Vk+MP^k+i,»P^^+i.,(p'')'^^ 

Bl^As-. mk + l,l\5,k,l)=pfi,pfj,Mij,k,l) 

Bs^Bl- PO', *. *.' + !)= 7,-.*^+.p/w+,pfi.,+i(P*f'' 
where 0<j+A: + J<JV-land 

/A.o.fc.o = [1 -Piiwi -p«c»)] +p^:*w«) 

/fl.(i, fc, 0 = [1 - pfi^(i - P.C,)] S + pf*^i>(«) 

is the probability that 3 of the background ter- 
minals transmit. Since the station has an adaptive 
array, a transmission from either local terminal to 
the station is successful only if the total number of 
transmissions from the background terminals and the 
other local terminal is less than or equal to a. Thus, 
-T^lOj^jO I ^BiUikJ) ] is the probability that less 
than or equal to a of the background terminals and 



terminal Al Bi, ] transmit and that the packet from 
terminal Bl[Al] is acquired by the adaptive array, 
when CSt = {j,k,l). 

Using the state transition diagram, we find the 
following set of global balance equations [1] 

where a^j^j = pJiiTiUMiV ^^^'^ " P(M.i+ili+i.wr 

nj^k/^ equilibrium probabilities for the Markov 

Chain C5f. 

The consistency graph [6] shows the relationship 
between the equilibrium probabilities graphically. The 
weights along the arcs of the consistency graph relate 
the equilibrium probabilities at the nodes, and they 
are found directly from the balance equations. 

To construct the state transition diagram for the 
Markov Chain CSt for arbitrary Ny we combine 1- 
packet state transition diagrams or cells This process 
is described more completely in [4,5]. Similarly, the 
JV-packet consistency graph is constructed by pasting 
together 1-packet consistency graphs. 



IV. PFS-Control 

The consistency graph method [6] will be used to 
find conditions on the transnussion and routing prob- 
abilities, pf f^j and Vj^kj, which guarantee that the set 
of pELTtial balance equations is consistent. These con- 
ditions will define the PFS-control. As proven in [6], 
the system of partial balance equations is consistent 
if and only if the product of the arc weights around 
any closed path of the consistency graph is equal to 
one. 

There are three basic consistency equations, called 
AB^ AC^ and ABCD. Each consistency equation is a 
function of its subscripts (j, k, /), and these subscripts 
range over a set of nonnegative integers depending on 
N, The consistency equations are listed below. 



AB : o,>,/ 



1 



1 



= 1 



1 1 , 

AC : ai+i,jfe,/ = 1 

ABCD : 4i.o,'+i ^iW ^j+i,o,/ = 1 



(1) 

(2) 
(3) 



where 0 < ; + ib -h / < TV - 2. To find the PFS-control, 
the consistency equations are solved for the station*s 
transmission and routing probabilities, p^;t^ ''i.*.'* 
Before solving the consistency equations, we as- 
sume that local terminals Al and Bi only have lo- 
cal knowledge of the network state. They only know 
two quantities: the niunber of packets they have for 
transmission, and TV, which is the number of packets 
in termincd Al's window. Thus, we have 

_ ^P^. J > 0 „8. _ /p^,-*-i. 3 + k + KN 

'^'■•*-''Ip^; = o'P'-*''-\ j^k^i = N 

This eJso mezins that lAtih ^^ 0 = ^AlU) ^BtO> ^» 0 
= /B^(m), where m = N^j — k — I. 

The key to the solution of the consistency equa- 
tions for arbitrary N is that the functional form of 
the solution depends only on the pattern of empty 
and non-empty queues. For each pattern of empty and 
non-empty queues, we get a particular function for the 
station's transmission and routing probabihties, pf^fcj, 
and r,-.jt^. We use the notation (n>i^ , n^^, n^^, na^) to 
indicate the number of packets in each queue. If we 
only want to indicate whether the queues are empty 
or non-empty, we use o's and x\ respectively, instead 
of mmibers. Using the notation described above, the 
PFS-control is given in the following 
Theorem 1: The transmission and routing proba- 
bilities, Tjjkji and pfjt^i given below satisfy the consis- 
tency equations (Equations (l)-(3)) for any N. This 
is the PFS-control. If the station uses these transmis- 
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sion and routing probabilities, the network will have 
a PFS for the equilibrium probabilities. 



, 5 q*^.^^.(i)^B,(m) ^^pg^ 



Proof: For a proof, see [5]. | 

V. Equilibrium Probabilities and 
Throughput-Delay Performance 

i4. Equilibrium Probabilities 

The equilibrium probabilities are the solution to 
the equation nQ = ir where Q is the state transition 
matrix for the irreducible Markov Chain CSt and ir is 
the vector of equiUbrium probabilities [1]. If the par- 
tial balance equations are consistent, we can use the 
consistency graph to write the equilibrium probability 
at each node of the state transition diagram in terms 
of a reference node. This leads to the following 
Theorem 2: When the two-hop PRN is under PFS- 
control, the equilibriimi probabilities for the Markov 
Chain CSt are given by 



+ />t.(0)/B.(0)p^p^} 

(o, X, o, o), (o, o, X, o), (o, X, o) 0 < pf jt^ < 1 

where m = N— j — k— I is the . number of pack- 
ets in terminal Bls queue and where 0 < q^^i < 1; 
0 < pf' < 1, for i > 0; and 0 < p^, < 1. 
If either of the station's queues is empty, we choose 
packets from the non-empty queue with probability 
equal to 1, so r^^kj = 1 when I = 0 and rj^kj = 0 when 
k = 0. The routing probabilities when the station has 
packets in both queues are given by 

(x,x,x,o)r,>, = _^^^^^ 

•pBL I 

(o,x,x,x)rjjk.i = b , (o,x,x,o)r^.fe^ = 2 

Pb +P!n* ^ 



U=rO 



.0 1 1 n ^0,v,ol f ft 3 ^0.0,0 1 

JL v=0 JliiU^J^.t^J 



where 0 < j k-^l < N. The normahzation constant 
^0,0,0 is chosen so that the equilibrium probabilities 
sum to 1. ■ 

B. Throughput' Delay Performance 

Because termined Ai, requires an acknowledgment 
for each packet and stops transmitting if there are N 
unacknowledged packets, the (steady state) through- 
put eJong all four hops must be the same. 

The throughput on each hop is the probability that 
a transmission along that hop is successful, since the 
time slots are one imit long. So we have the following 
throughput expressions 

Ta,=EE T. P(i - 1, ' + ifc. 0 

7 P^cr')'^-' EEL p^f.pf..-i.M 

where Tai is the throughput from terminal At to the 
station and it the throughput of the group- A back- 
ground terminals. The other throughput expressions 
are similar. Little's result gives the expected delay 
along each hop. 

C. Sample System 

We allow at most 6 unacknowledged packets {N = 
6). The backgroimd populations are identical. All 
background terminals use the same transmission prob- 
abihty and there are 9 background terminals in each 
group (p^ = p» =: 0.1, Ka^ Kb = 9). The local 
termineJs Ax, and Bi, are also identical and use con- 
stant transmission probability p^ {pf^ = pf'- = p^). 
The station uses a constant transmission parameter 
9fe+l ~ We assume that the acquisition probabil- 
^^y> Paeqy is equal to 1/2. 
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To examine the performance with adaptive arrays, 
we varied the network parameters to find the maxi* 
mum possible packet throughput from terminal to. 
terminal Biy and then plotted this maximum through- 
put versus the number of adaptive array nulls in Fig- 
ure 2. This figure shows that the packet throughput 
from terminal Al to terminal Bl, which is relayed by 
the station, almost doubles (from 0.065 packets per 
slot to 0.12 packets per slot) when we have a 4-null 
adaptive array at the station. (If these throughput 
values seem small, keep in mind that they only include 
traffic relayed through the station. The backgroimd 
terminals also contribute to the total throughput.) In 
Figure 3, we plot the expected delay for packets trav- 
eling from terminal Ai to terminal Bl as a function of 
the number of adaptive- array nulb. This shows that 
the expected delay drops dramatically as nulling ca- 
pability is added to the station. Also note that only 
a small number of array elements are needed. For 
example, if the adaptive array has 2 nulls (4 array el- 
ements) the throughput and delay are both within a 
few percent of their optimimi values. 
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Figure 1: Queueing model for the two-hop PRN. 
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Figure 2: Packet throughput (in packets per slot) 
from terminal A^, to terminal Bl versus the number 
of adaptive-array nulls. 




Figure 3: Expected delay (in slots) for packets travel- 
ing from terminal Al to terminal B[, versus the num- 
ber of adaptive-array nulls. 
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